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Fe/Mn/Fe wedged-shape sandwiches were prepared by molecular beam epitaxy under optimal conditions.
The interlayer coupling measured by magneto-optic Kerr effect is very strong for thin Mn layers. The canted
angle between the magnetization vectors of the two magnetic layers in remanence increases gradually from 0°
to about 180° and then gradually reduces to 90° for Mn thicknesses from 0.62 to 1.2 nm. For Mn layer
thicknesses in the range between 1.2 and 2.45 nm, the interlayer coupling is always 90° coupling, but its
strength oscillates with a short period of about 2 Mn monolayers. The above coupling phenomenon can be well
described by the proximity magnetism model. @S0163-1829~99!50618-8#Recently the mechanisms which couple ferromagnetic
~FM! films across antiferromagnetic ~AF! metallic interlayers
have been of great interest. For AF interlayers one would
expect a large contribution to the coupling coming from the
direct nearest-neighbor exchange inside the interlayers and
across the interfaces but since they are metals the indirect
interaction due to the conduction electrons could be consid-
ered in addition. We consider here AF interlayers polarized
in the plane of the film with sheets alternatively parallel and
antiparallel to the magnetization of the FM films as observed
by Walker and Hopster1 on overlayers of Mn grown on Fe.
In the ideal case one would expect oscillations of the cou-
pling strength with a period of two monolayers ~ML!, with
large amplitudes and sign changes.
While this behavior has been studied in much detail for Cr
interlayers and even a magnetic phase diagram for the Cr
interlayer was deduced2 which explains most of the experi-
mental results, for Mn interlayer the situation is less clear. In
the first work on Fe/Mn/Fe trilayers3 Purcell et al. found
interlayer coupling oscillations with a two ML period but
there were no sign changes, indicating an appreciable back-
ground of AF coupling. On the contrary, Filipkowski et al.4
found very strong near-90° coupling with no evidence for AF
coupling in their CoFe/Mn/CoFe samples at room tempera-
ture. Also in contrast to the results in Fe/Mn/Fe trilayers,3 the
two ML period oscillations were absent in Co/Mn ~Ref. 5!
and Fe/Mn ~Ref. 6! multilayers. Furthermore, the interlayer
coupling in epitaxial Co/Mn multilayers7 was attributed to
the AF order of the Mn spacer. Unfortunately, the authors
did not show the dependence of the interlayer coupling on
the Mn layer thickness.
In view of these contradictory results the aim of the
present work was to prepare samples of the best possible
quality which could provide reliable information on the cou-
pling in this interesting system. Since this work and the
evaluation of the experiments will be based on the assump-
tion that we are here dealing with AF Mn as interlayer ma-
terial we will use Slonczewki’s proximity magnetism model8
for the evaluation of the experiments. It will be briefly intro-PRB 590163-1829/99/59~18!/11641~4!/$15.00duced in the next paragraph and compared with the usual
method to evaluate such experiments.
The proximity magnetism model8 is a phenomenological
model for the description of exchange coupling across AF
materials including thickness fluctuations due to interface
roughness. According to Slonczewski8 the exchange cou-
pling energy per unit area can be written as
Ec5C1~u!21C2~u2p!2, ~1!
where C1>0, C2>0 and 0<u<p. Here C1 and C2 are the
coupling coefficients, and u is the angle between the magne-
tization vectors of the two FM layers ~here Fe!. This con-
trasts with another phenomenological energy expression
which was previously used exclusively in work on interlayer
coupling:
Ec52 j1cos~u!2 j2cos2~u!. ~2!
Here u as above is the angle between the magnetization vec-
tors of the FM layers. The first term with the parameter j1
represents the bilinear coupling and the second term with j2
describes the 90° coupling. It is now believed that Eq. ~1! is
appropriate for interlayers with static magnetic order and Eq.
~2! for those which consist of a diamagnetic or paramagnetic
material. Experimentally the difference between Eq. ~1! and
Eq. ~2! shows up in a subtle difference concerning saturation
after remagnetization. Where Eq. ~2! implies full saturation
is reached at a finite critical external field, Eq. ~1! implies
asymptotic approach toward saturation.
The Fe/Mn/Fe wedged-shape sandwiches were deposited
in UHV by thermal evaporation onto a GaAs/Fe ~1 nm!/Ag
~150 nm! substrate-buffer system as described elsewhere.9–11
First a 5-nm Fe layer was grown at room temperature for the
first 4 ML and at 200 °C for the rest. The Mn film was
prepared with a growth rate of about 0.9 nm per minute at
different temperatures between 2150 °C and 200 °C, in order
to find the optimal growth temperature. Taking into account
both the observation of the interlayer coupling and the char-
acterization of the structure, we found the optimal growthR11 641 ©1999 The American Physical Society
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R11 642 PRB 59SHI-SHEN YAN et al.FIG. 1. Some typical hysteresis loops at room temperature and their evaluation. Open circles are experimental points obtained by MOKE
and the same for triangles by SQUID. ctparts indicates the counterparts as described in the text. C1 , C2 gives fits based on Eq. ~3! and the
same for j1 , j2 based on Eq. ~2!. DMn ~nm! denotes the thickness of the Mn layer, C1 and C2 ~erg/cm2! are the coupling coefficients, u
~degree! is the coupling angle, and j1 and j2 ~erg/cm2! are the parameters of Eq. ~2!. For ~e!, we use DMn51.66 nm, C150.118 erg/cm2,
C250.118 erg/cm2, u590°, j150, and j2520.28 erg/cm2. The inset in ~e! shows the details of the hysteresis loop in the high-field range
measured by MOKE and the fitting based on Eq. ~3!. The spin configurations in remanence are also shown schematically by inset symbols.temperature for the Mn layers to be around 50 °C. The same
growth temperature for Mn layers on Fe was also adopted by
Purcell et al.3 The Mn thickness was varied between 0 and 4
nm. Finally, the top 5 nm Fe were prepared at 200 °C, and a
protective and antireflective 50 nm ZnS layer was deposited
at room temperature. For Fe/Mn/Fe trilayers grown under the
above conditions, low-energy electron diffraction ~LEED!,
reflection high-energy electron diffraction ~RHEED! and Au-
ger analyses indicated that the single crystal quality is good,
the growth is epitaxial and layer by layer, the interdiffusion
is very small, and the surface is clean.
In order to evaluate the interlayer coupling we measured
hysteresis loops via the longitudinal magneto-optic Kerr ef-
fect ~MOKE! and in a few cases by means of superconduct-
ing quantum interference device ~SQUID! magnetometry.
The metal films are thin enough so the Kerr-effect measure-
ment is sensitive to both Fe layers. The external field was
applied along the easy axis in the @100# direction, and paral-
lel to both the sample plane and the plane of incidence of the
laser. In Fig. 1 we show some typical hysteresis loops forincreasing Mn thicknesses, which were measured by MOKE
~open circles! and SQUID ~triangles! at room temperature.
The interlayer coupling is very strong for thin Mn layers and
its maximum is expected to be around a Mn thickness of
0.82 nm ~5 ML! as shown in Fig. 1~c!.
In order to obtain a more quantitative information we
have modeled these loops by applying the proximity magne-
tism model @Eq. ~1!# with the following assumptions. In
Fe/Mn/Fe trilayers, the Fe magnetizations are assumed to lie
parallel to the film plane, and so there is no static demagne-
tizing field. We also assume that the spins within an indi-
vidual Fe layer remain parallel to one another because of a
strong intralayer-exchange coupling. In our case, the sample
plane is parallel to ~001! crystallographic plane and the ex-
ternal field along the in-plane easy axis ~@100# direction or
equivalent!. Taking into account the cubic anisotropy energy
of Fe, Zeeman energy and interlayer coupling energy in the
form of Eq. ~1!, we write the total energy E per unit area in
the following form:
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Ea5Kt@sin 2F1!21~sin 2F2!2]/4,
~3!
Eh52HMt~cos F11cos F2!,
Ec5C1~ uF12F2u!21C2~ uF12F2u2p!2,
where Ea is the anisotropy energy, Eh is the Zeeman energy,
and Ec is the interlayer coupling energy of the proximity
magnetism model.8 Here t, M, K, and H are, respectively, the
thickness of the Fe layers, the saturation magnetization of the
Fe layers, the first-order cubic crystal anisotropy of the Fe
layers, and the external field; F1 ~or F2) is the angle be-
tween the magnetization vector of the first ~or second! Fe
layer and the field direction; C1 and C2 are the adjustable
coupling coefficients, measuring the strength of the coupling.
uF12F2u5u ~0<u<p! is the angle between the two mag-
netization vectors of the Fe layers at a given external field
~we call it coupling angle!.
The theoretical magnetization curves are obtained by
minimizing the total energy of Eq. ~3! with respect to F1 and
F2 at a given external field for the appropriate C1 and C2 .
By fitting in this way the theory to the experiments, we have
determined the coupling coefficients C1 and C2 , and the
coupling angle u5uF12F2u at any given external field. The
solid lines in the various panels of Fig. 1 show the calculated
magnetization curves. For all calculations the bulk values of
M51707 G and K54.763105 erg/cm3 are used. The calcu-
lated magnetization curves are in good agreement with the
experiments apart from the hysteresis effect and small asym-
metry about the origin ~0,0! introduced possibly by the
second-order magneto-optic effect.12 Since hysteresis causes
in the experiments only displacements symmetrical to the
zero field axis, it can easily be eliminated.
In order to get a feeling for the asymmetry in Fig. 1 the
counterparts ~ctpart! of the experimental MOKE hysteresis
loops about the origin ~0,0! are also shown by dotted lines,
which are obtained by inverting the values ~H,M) to ~2H,
FIG. 2. The Mn layer thickness DMn dependence of the satura-
tion field HS . The inset shows the details of the saturation field
oscillations.2M!. We can see that the small asymmetry only exists in a
relatively small field range. So it will be neglected in the
following.
For comparison we have also used Eq. ~2! by adjusting j1
and j2 to describe the experiments. As expected the fitting
based on Eq. ~2! is not very good, particularly in the high
field region. As mentioned above, Eq. ~2! predicts full satu-
ration of the M-H curve at a finite external field but Eq. ~1!
predicts asymptotic approach towards saturation, as seen in
all panels of Fig. 1. By the way, if we suppose that there
exists a distribution of ( j1 , j2) in a wide region so that we
can fit the experimental data well, it means that the interface
roughness of the sample is large. It does not seem to be
reasonable that a sample showing strong coupling and short
period oscillations ~will be reported in the following para-
graphs! has a large roughness. In fact, Auger, LEED, and
RHEED experiments indicate that the sample is of good
quality. For the same reason, if the distribution of ( j1 , j2) is
in a wide region, the distribution of (C1 ,C2) should also be
in a wide region so that only a set of (C1 ,C2) is not enough
to fit the experimental data. In fact, one set of (C1 ,C2) is
enough.
Comparison with the calculations allows the interpretation
of the loops with respect to the orientations of the magneti-
zations, as indicated for selected field values in the various
panels of Fig. 1. Note in particular that in Fig. 1~e!, the
remanent magnetization of about half the saturation value
and the large jump at near zero field indicate that the indi-
vidual magnetizations switch between different easy axes but
the angle between them remains 90°. For the angles between
the two magnetizations in the remanent states we obtain 80°,
127°, 173°, and 152° in Figs. 1~a!, 1~b!, 1~c!, and 1~d!, re-
spectively. Roughly the coupling gradually changes from
FM to very strong near AF as shown in Fig. 1~c!, and then to
weak 90°-type as shown in Fig. 1~e!. Further details will be
reported in the following paragraph.
The strength of the interlayer coupling as represented by
the saturation field Hs is shown in Fig. 2 as a function of the
thickness of Mn layer, DMn . Here HS is defined as the field
at which the magnetization reaches 83% of the value ob-
FIG. 3. The Mn layer thickness DMn dependence of coupling
angle u in remanence.
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(HS,500 Oe! and HS is very close to the switching field
Hsw as defined in Fig. 1~e!. At Hsw there is a large jump in
the M-H curve, which indicates the two magnetizations be-
come aligned symmetrical to the external field. For DMn
.1.2 nm the difference between HS and Hsw is less than 10
Oe, so we use Hsw to replace HS . From Fig. 2, we see that
the saturation field increases drastically and then reduces
quickly if the Mn thickness increases from 0.62 to 1.2 nm. If
DMn further increases from 1.2 to 2.45 nm, we see obvious
oscillations with a short period of about 2 Mn monolayers
~about 0.33 nm!. These oscillations are neither oscillations in
strength of AF coupling as shown in Ref. 3 nor oscillations
from FM to AF coupling. They are oscillations in the
strength of 90° coupling as indicated by the shapes of the
hysteresis loops, such as displayed in Fig. 1~e!. So far similar
oscillations were only reported by Purcell et al.3 but they did
not recognize the aspect that we are dealing here with 90°-
type coupling.
Figure 3 shows the Mn thickness dependence of the cou-
pling angle u in the remanent state. The fitting procedure to
obtain u has been described above. The result shows that u
FIG. 4. The dependence of coupling coefficients C1 and C2 on
the Mn layer thickness DMn .increases gradually from 0° to about 180° and then gradually
reduces to 90°. For DMn between 1.2 and 2.45 nm u is al-
ways 90°. A value of u which deviates from 0°, 180°, or 90°
has for example also been observed by Schreyer et al. who
reported u550° in the case of Fe/Cr superlattices,13 but the
dependence of the coupling angle on the thickness of the
interlayer was so far not reported.
Figure 4 shows the dependence of coupling coefficients
C1 and C2 on the Mn thickness. If the Mn thickness is in
the range between 0.62 and 1.2 nm, the oscillations of C1
and C2 are almost opposite in phase, and vestiges of the
short-period coupling can be seen from the shoulders of the
curves. If the Mn layer thickness is in the range between 1.2
and 2.45 nm, C1 and C2 are equal and show short period
oscillations of about 2 ML Mn. As was seen in Fig. 3 the
remanent state would not reveal these oscillations but they
are seen in the saturation field HS ~Fig. 2!. Furthermore the
Mn thickness dependence of C2 ~in Fig. 4! is very similar to
that of HS . For Mn layer thicker than 2.45 nm, no coupling
is found at room temperature.
In conclusion, Fe/Mn/Fe wedged-shape sandwiches were
prepared by molecular beam epitaxy under optimal condi-
tions. The interlayer coupling measured by magneto-optic
Kerr effect is very strong for thin Mn layers. The coupling
angle in remanence increases gradually from 0° to about
180° and then gradually reduces to 90° for Mn thicknesses
from 0.62 to 1.2 nm. For Mn layer thicknesses in the range
between 1.2 and 2.45 nm, the interlayer coupling is always
90° coupling, but its strength oscillates with a short period of
about 2 Mn monolayers.
The good agreement between the experimental magnetic
hysteresis loops and the theoretical magnetization curves
based on the proximity magnetism model implies that the
Mn layer in Fe/Mn/Fe trilayers is helicoidal
quasiantiferromagnetic14 at least for thin Mn layers, and the
interlayer coupling originates from the direct d-d exchange
interaction at the Fe-Mn interfaces and propagates through
the magnetic ordering of the Mn layer via short-range ex-
change interaction.
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